. As the pace of this glacier recession and down wasting has increased over the last fifty years (Chapin et al. 2013) , valley-side slopes and lateral moraines in many regions are collapsing leading to deformation, rock avalanches, debris flows and slides (Holm et al. 2004) . At many sites these slope failures are exposing previously unseen glaciogenic sedimentary units separated by paleosols and the subfossil remains of trees buried during earlier glacier activity. Overwhelmed and killed during discrete glacial advances, the tree remains can be dated using dendrochronological methodologies and/or radiometric techniques (Coulthard and Smith 2013) to provide singular records of the long-term mass balance response to changing climates (Winkler and Matthews 2010) .
Recent research focused on glaciers located within the Coast Mountains of northwestern
British Columbia (B.C.) draws attention to the limitations in our knowledge of their Holocene behaviour (Menounos et al. 2009; Mood and Smith 2015) , especially when compared to the outcome of research within nearby Alaska and the southern Coast Mountain regions (Solomina et al., 2015; 2016) . A regional exception is the developing understanding of Holocene glacier behaviour within the Bowser River watershed and adjacent Cambria Icefield area in northwestern B.C. Following on the pioneering work of Clague and Mathewes (1992) and Mathews and Clague (1993) at Tide Lake and Berendon Glacier, a number of researchers have described multiple advance and retreat intervals from the mid-Holocene through to the LIA in this region (Jackson et al. 2008; Harvey et al. 2012; Johnson and Smith 2012; Osborn et al. 2012; Hoffman and Smith 2013) .
D r a f t 4
In this paper we focus attention on Frank Mackie Glacier where lowering of the ice surface within the last few decades has uncovered the proximal face of prominent lateral moraines alongside the glacier and within the adjacent Bowser River Valley. Only recently exposed, these vertical exposures reveal that the moraines are composed of multiple glaciogenic sedimentary units separated by laterally contiguous wood mats, buried in-situ tree stumps and paleosols. We use ages assigned to the wood samples to describe the Holocene activity of Frank Mackie Glacier, and to advance understanding of the Holocene behaviour of glaciers within the Bowser River watershed and northern Coast Mountains. The study provides greater temporal resolution for Holocene glacier advances in the region and constrains the timing and of duration of these advances.
Study Area
Frank Mackie Glacier is located within the headwaters of the Bowser River watershed in northwestern B.C., approximately 50 km north of Stewart, B.C. and Hyder, Alaska (Fig. 1) .
Above Bowser Lake, the mountainous headwaters of the watershed straddling the international border with Alaska are characterized by icefields feeding into large valley glaciers including Salmon, Berendon, Frank Mackie, Canoe, Knipple and Charlie glaciers in B.C. (Fig. 1) . To the east, Todd Glacier and several smaller glaciers drain from the Todd Icefield into northwardflowing Todd Creek, a tributary of the Bowser River that enters the valley 5 km above Bowser Lake.
The Bowser River watershed is located within the Boundary Range ecoregion (B.C.
Ministry of Environment 2013), with the dominant forest cover consisting of mixed stands of subalpine fir (Abies lasiocarpa) and mountain hemlock (Tsuga mertensiana) trees. At Stewart, D r a f t 5 the annual air temperature averages 6 ˚C and the annual total precipitation exceeds 1840 mm/yr, with more than 30% falling as snow (Environment Canada 2014).
Frank Mackie Glacier extends 10 km down valley from its source at ca. 1400 m asl in the Frank Mackie Icefield to terminate at ca. 600 m asl in 2013 (56˚20'28"N, 130˚05'16"; Fig. 1 ).
Similar to other glaciers in northwestern B.C. and nearby Alaska (Mood and Smith 2015; Schiefer et al. 2008; Solomina et al. 2015; 2016) , Frank Mackie Glacier has retreated and down wasted significantly over the past century ( Fig. 2 (Haumann 1960) . At its maximum length of 8.5 km and width of 1.7 km, the lake impounded over 1 km 3 of water (Clague and Mathews 1992) . Stratigraphic and radiocarbon evidence demonstrate that the glacier dam failed multiple times during the Holocene (Hanson 1932; Clague and Mathewes 1996) , producing outburst floods whose effects are recorded 28 km downstream in Bowser Lake (Gilbert et al. 1997 icefields (Hoffman and Smith 2013; Jackson et al. 2008; Mood and Smith 2015) . Based on stratigraphic analyses of exposed sediments and drill cores analyses, Clague and Mathews (1992) and Clague and Mathewes (1996) Field surveys of recently exposed proximal moraine faces were undertaken where Frank Mackie Glacier flows into the Bowser River trunk valley (Fig. 3) . Where subfossil wood remains were encountered within the units, representative samples with bark or intact perimeter wood were collected with a chainsaw for dendroglaciological and radiocarbon dating. Increment cores were collected from living trees found growing above the Holocene glacial limit to facilitate treering cross-dating (Coulthard and Smith 2013) .
The wood samples were allowed to air dry at the University of Victoria Tree-Ring Laboratory (UVTRL), after which species identification was completed using a 40× microscope and a reference key (Hoadley 1990) . Following standardized preparation procedures (Stokes and Smiley 1968) , the width of each annual tree ring in the core and subfossil samples was measured along two paths from pith to perimeter using WinDENDRO (ver. 2012) . Individual ring-width series were visually cross-dated and verified using COFECHA (Grissino-Mayer 2001), with the living series combined to construct cross-dated tree-ring chronologies using ARSTAN (Ver41d) (Cook and Krusic 2005) . Series correlations (Pearson correlation coefficient, r) for chronologies, significant at the 99% confidence level, were calculated with COFECHA for 50 year segments with 25 year overlaps. Series correlation values greater than 0.3281 were accepted as providing statistically significant cross-dates (Holmes, 1983) .
Floating (undated) tree-ring chronologies were constructed by cross-dating the subfossil wood, after which an attempt was made to assign an absolute age by cross-dating to living chronologies (Coulthard and Smith 2013) . Where cross-dating failed, representative perimeter wood samples from the floating chronologies were radiocarbon dated by Beta Analytic Inc. and the ages provided were used to assign relative calendar ages to the floating chronologies. The radiocarbon ages were converted to calendar years using the INTCAL13 calibration curve D r a f t 8 (Reimer et al. 2013 ) which accounts for temporal fluctuations in the atmospheric 14 C/ 12 C ratio (Walker 2005) . The calibrated ages were calculated to 2-sigma standard deviation.
Magnitude and timing of glacier advances were discerned from the stratigraphic position and age of the subfossil tree remains (Ryder and Thomson 1986) . In-situ samples were assumed to provide a maximum-age for a glacier advance, whereas detrital samples with unknown provenance were used only in the construction of the floating chronologies. For this study, we considered in-situ subfossil wood samples to include samples found in growth position (i.e.
rooted stumps) and large intact boles with bark found within or pressed into a paleosol (Mood and Smith 2015) . As all the sites examined were remote from snow avalanche slopes, we presume the boles to be the remains of glacially-killed trees transported only a short distance from where they were rooted (i.e. Le Roy et al. 2009 ). (Fig. 6) . The lower portion of the section was comprised of an 8 m thick unit of diamict (unit 1) extending below 700 m asl. Units 1, 5 and 7 were composed of diamict, units 2 and 4 of sand, units 3, 4 and 6 consisted of clay to silt sized sediments, and the upper unit was comprised of mainly gravels (Fig. 6) .
Observations
A woody layer (WL1) at 700 m asl within the diamict unit, consists of a black, undulating organic horizon containing numerous in-situ boles (Fig. 6 ), including FM05-0103 which yielded a radiocarbon age of 1760 ± 40 14 C years BP (1810-1570 cal. yr BP, Table 2 ).
Above WL1 at 705 m asl, three upright boles in growth position were located adjacent to the gully wall. FM0501-04 dated to 870 ± 40 14 C years BP (910-700 cal. yr BP) ( Table 2) .
A second wood mat (WL2) horizontally transects the gully at 715 m asl (Fig. 6 ).
Overlying clay-silt sized sediments and positioned below a sandy unit, detrital wood samples were collected immediately below and above WL2 for cross-dating purposes. A bole (FM0501-10) collected from within WL2 dates to 860 ± 40 14 C years BP (910-690 cal. yr BP, Table 2 ).
A third wood mat (WL3) was found at 720 m asl, close to the upper extent of the gully.
Three in-situ boles were collected for cross-dating directly above a clay-silt unit and below a diamict unit (Fig. 6 ). FM0501-06 yielded a radiocarbon age of 560 ± 50 14 C years BP (650-510
cal. yr BP, Table 2 ).
Site 2 -Upper moraine:
Three nested moraine crests at ca. 835 m asl were identified at Site 2 (56°19'16"N, 130°5'43"W; Figs. 3 and 7). A gully eroded through the most proximal moraine shows that it is primarily composed of a massive diamict with a woody layer (WL4) buried within reddish claysized sediments. Nine in-situ and four detrital samples were collected between 808 and 818 m asl for cross-dating (Table 3) . Table 2) .
Site 6 -Spill area below north lateral moraine
Site 6 consists of a large gully incised through the north lateral moraine (56°20'53"N, 130°05'38"W; Fig. 3 ). Over 50 detrital samples were collected from within the outwash zone of this gully at 685 to 670 m asl for cross-dating.
Dendrochronological Results

D r a f t
In total, 95 subfossil wood samples were collected for analysis. Approximately one third of the samples were discarded as they could not be internally cross-dated due to the presence of reaction wood, rot and other growth anomalies, or they contained too few rings (<50) for robust cross-dating to a master chronology. This preliminary assessment left 57 samples with internal cross-dating correlations of r ≥0.400 available for constructing floating chronologies. Five additional samples, including two radiocarbon dated samples collected during field surveys at nearby Canoe (Harvey and Smith 2012) and Charlie glaciers (St-Hilaire 2014) were also available and were included in the cross-dating analyses (Table 3) .
A total of six floating chronologies were constructed from 44 samples (Table 3) (Fig. 9) . To allow for comparison with the absolute dates assigned to Chron. E and F, the relative ages assigned to Chron. A-D were anchored to the mean of the calibrated radiocarbon ages (Table 2 ). In Fig. 9 , error bars are presented to illustrate the potential age range of each sample.
Stratigraphic Interpretation
Recent recession, downwasting and valley-side slumping at Frank Mackie Glacier has 
Discussion and Regional Synthesis
Our investigations at Frank Mackie Glacier allow for identification of five discrete glacial advances after 4000 cal. yr BP (Fig. 10) . We did not find any evidence of early Holocene glacier activity, such as the episodes reported at Sphaler Glacier 100 km to the northwest in the Andrei Holocene glacier activity or it remains to be discovered.
The earliest record of glacier expansion at Frank Mackie Glacier comes from Tide Lake sediments. Clague and Mathews (1992) describe sedimentary evidence in exposed bluffs and from a drill core taken in the southern section of the Tide Lake basin. Interpreted as resulting from damming of the Bowser River prior to 3000 cal. yr BP, this advance likely occurred around 3710-3460 cal. yr BP when nearby Canoe Glacier expanded into the Bowser River Valley (Harvey et al. 2012) . Detrital wood samples from Site 6 cross-date to the radiocarbon dated Canoe Glacier samples, possibly indicating that Frank Mackie Glacier was also advancing and killing valley-side trees during this interval (Fig. 10, Table 3 ).
A second advance of Frank Mackie Glacier was underway from 2700-2200 cal. yr BP, when a standing forest on the northern lateral moraine at sites 5 and 6 was buried during the deposition of lateral moraine sediments. This advance corresponds to sedimentary records from Tide Lake ( Following a brief hiatus that likely included a short-lived interval of terminus retreat and ice surface lowering, as seen by evidence of renewed tree growth (Table 3) Tables   Table 1. Historical terminal retreat rates at Frank Mackie Glacier. Harvey et al. (2012) .
b The relative ages assigned to Chron. A, B, C, and D were assigned by cross-dating to radiocarbon-dated samples (see Table 2 ). The absolute ages assigned to Chron. E and F were derived by cross-dating with living chronologies collected by Jackson et al. (2008) in the Todd Icefield area. To allow for comparison between the chronologies, the relative ages assigned to Chron. A-D were anchored to the mean of the calibrated radiocarbon age. Glaciers (Jackson et al., 2008) . Plot outputs and radiocarbon calibration from OxCal v4.2.3 (Bronk Ramsey and Lee 2013); r:5 IntCal13 atmospheric curve (Reimer et al. 2013 ).
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